Pyramidal cells in layer 2/3 of cat striate cortex extend long axons that form clustered projections linking iso-orientation columns. Using extracellular biocytin injections in brain slices, the formation of these projections was examined in the ferret to determine whether horizontal projections exhibit similar patterns of development in the ferret and the cat and to relate the time course of horizontal projection formation to the onset of patterned visual experience and orientation selectivity. Soon after the first appearance of axon collaterals in layer 2/3, around postnatal day 22 (P22), pyramidal cell axons were uniformly distributed and unbranched for up to 1 mm from the cell body. By P26, axons began to form secondary branches 1-2 mm from the cell body, with little evidence for distinct clusters. The first indication of selective elaboration of secondary branches and retraction of unbranched collaterals occurred around P28. By P34, patchy regions of axon branches emerged, though unbranched collaterals were still present, followed by distinct adult-like clusters by P45. Although the general pattern of horizontal projection formation closely resembles that seen in the cat (Callaway and Katz, 1990), the ferret circuitry matures earlier than that of the cat relative to the time of eye opening. Since eye opening in ferrets occurs between P30 and P32, this system of orientation-specific patches begins to develop in the absence of patterned visual input and when most cortical cells are not yet orientation selective, suggesting a prominent role for spontaneous activity in initiating cluster formation. The refinement of clustered connections, however, does occur synchronously with the maturation of orientationselective responses (Chapman and Stryker, 1993).
In visual cortex, orientation-selective cortical neurons are arranged in columns perpendicular to the pial surface. In layer 2/3 of visual cortex in adult cats and monkeys, long-range horizontal projections from pyramidal cells form periodic "clusters" of highly branched collaterals in the regions of isoorientation domains (Gilbert and Wiesel, 1989; Malach et al., 1993) . Studies on the development of clustered horizontal projections in the cat demonstrated that clustered connections, or patches, originate from an initially diffuse pattern of unbranched collaterals and emerge gradually via a process of selective axon elaboration and addition of new collaterals Katz, 1990, 1991; Lubke and Albus, 1992) . Activity-dependent mechanisms guide this refinement (Callaway and Katz, 1991; Lowel and Singer, 1992) . However, the relationship between the development of clustered horizontal projections and the emergence of orientation selectivity remains unclear. In theory, clustered horizontal projections could develop before the map of orientation selectivity via intrinsic patterning mechanisms in the cortex. If true, the established network of horizontal connectivity might drive the formation of orientation selectivity. On the other hand, if orientation selectivity precedes, or emerges at the same time as, the clustering of horizontal projections, the orientation map might serve as an instructive force on the development of horizontal projections.
In cats, where horizontal projections have been most extensively studied, crude clusters of horizontal collaterals first develop between postnatal day 8 (P8) and P1O (Callaway and Katz, 1990) , at a time when few neurons seems to exhibit orientation selectivity (Barlow and Pettigrew, 1971; Pettigrew, 1974; Blakemore and Van Sluyters, 1975; Buisseret and Imbert, 1976; Fregnac and Imbert, 1978; Albus and Wolf, 1984) . However, the lack of orientation-selective responses could be due to technical problems in recording from young, fragile animals (Hubel and Wiesel, 1963; Chapman and Stryker, 1993) . Therefore, a disadvantage of studying the cat is that immature response characteristics of cortical cells in young kittens limit the ability to link the emergence of orientation specificity and circuit formation. Although the ferret visual system is similar to the cat (Law et al., 1988) , the ferret is born roughly 3 weeks earlier in development (Linden et al., 1981) . Major events in ferret cortical development, such as the emergence of layers 2/3 and 4 and the growth of LGN afferents into the cortex, occur postnatally, making the ferret a more stable animal for studying the orientation-selective responses of cortical cells as well as for removal, preparation, and examination of brain slices.
To explore the relationship between the emergence of orientation selectivity (Chapman and Stryker, 1993) and the development of clustered horizontal connections, we sought to determine whether mature clusters emerge before, after, or concomitantly with orientation selectivity in the ferret, where reliable recordings of orientation selectivity at early ages are possible. Evidence from this work suggests that the emergence of refined clusters coincides with, but does not precede, maturation of orientation selectivity in layer 2/3 of ferret visual cortex.
Materials and Methods
Ferrets (Marshall Farms, New Rose, NY) aged between postnatal day 22 (P22) and P65 were anesthetized with Nembutal (60 mg/kg, i.p.) and decapitated. The brain was removed and placed in a beaker of oxygenated sucrose artificial cerebral spinal fluid on ice (sucrose ACSF; composition: 248 mM sucrose, 5 mM KC1, 5.3 mM KH 2 PO 4 , 1.3 mM MgSO 4 , 3.2 mM CaCl 2 , 10 mM dextrose, 25 mM NaHCO 3 , pH 7.4; Aghajanian and Rasmussen, 1989). A tissue block of the mediolateral occipital cortex was cut away from the brain, and the pia mater was carefully removed with forceps. This tissue was glued to a cutting block and placed into a vibratome chamber, where it was immersed in cold oxygenated sucrose ACSE Tangential slices containing layer 2/3 were cut at 350 jun and coaxed onto squares of polycarbonate filter membrane (Nucleopore Corp.,Pleasanton,CA; 12 \im pore size) with a fine paint brush. Coronal slices were prepared according to procedures described by Katz (1987) . Slices were maintained in an interface chamber at a temperature of 33°C and in an atmosphere of 95% 03/5% CO 2 . Sucrose ACSF was replaced with standard ACSF (composition: 125 mM Nad, 5 mM KC1, 5.3 mM KH 2 PO 4 , 1.3 mM MgSO <) 3.2 mM CaClj, 10 mM dextrose, 25 mM NaHCO } , pH 7.4) after 1 hr. A dissecting microscope was used to position electrode tips for iontophoretic injections of three or four alternating 0.7-0.75 | Ji A current pulses (7 sec on, 7 sec off) per slice (Muly and Fitzpatrick, 1992) . Injections were made in a central location in each slice so that labeled axons would remain within the borders of the slice. Only one injection was made per slice. In five slices, conventional whole-cell patch-clamp techniques (Blanton et al., 1989) were used to fill single cells. Following injection, slices were maintained for 4 hr to allow the transport of biocytin, then fixed overnight in 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 7.4). Following fixation, slices were cryoprotected in 30% sucrose in PB, then sectioned at 60 fim on a freezing microtome.
Biocytin-labeled cells were visualized by standard immunoperoxidase staining techniques. Endogenous peroxidase activity was quenched by incubating the sections in 10% MeOH, 3% H 2 O 2 in PB until bubbling ceased (~30 min). After a buffer wash, sections were incubated in 2% BSA (Boehringer Mannheim) and 0.25% Triton X-100 (Sigma). Incubation in an Avidin-HRP solution (Vectastain standard ABC kit, Vector) was followed by the addition of the chromogen diaminobenzidine (DAB; 0.5 mg/ml in PB) to localize peroxidase in tissue sections. To intensify the reaction, cobalt chloride and nickel ammonium sulfate were added to a DAB/H 2 O 2 solution (Adams, 1981) . Slices were dehydrated, mounted, and coverslipped for examination and tracing using a Zeiss Axioplan microscope (total n = 102 slices). Axon branching patterns were examined in each slice, and 21 slices were chosen for more thorough analysis by camera lucida reconstruction.
Reconstructions of labeled cell bodies, axons, and dendrites across all sections of slices were made at either 25X or 40X magnification. We did not study bouton density because individual boutons were difficult to identify in these young animals. All tracing were scaled and reduced for analysis. To examine the distribution and den- sity of axon arbors around injection sites, the locations of axon branch points were digitized for 12 tracings using a digitizing tablet (Summagraphics). From an x-y plot of branch points, a scanning discriminator window (70 X 70 u.m) was used to calculate the density of branch points in the dimensions of the window (custom software written by Matthew Dalva).
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Results
Previous anatomical studies of horizontal projections in the cat employed a number of techniques that have been substantially improved in the last few years. The extracellular injection of fluorescent latex microspheres or the use of the carbocyanine dye Dil to label cells cannot achieve the high spatial resolution or degree of filling of long axons that is possible using the sensitive anterograde tracer biocytin. Here, we used targeted extracellular injections with biocytin in ferret brain slices to trace cluster emergence from before the time of eye opening until adulthood. Labeling was frequently restricted to single cells or small groups of cells, facilitating the tracing of individual axons and their arbors (Fig. 1 ). An incubation time of 4 hr was sufficient to allow for the complete transport of biocytin, while incubation times longer than 4 hr often produced cells with signs of degeneration. Cell bodies, dendrites, and axons were well filled, -with minimal contamination from axons of passage. Even in adult ferrets, horizontal axons could be followed for several millimeters and occasionally exited the slice.
The long-range horizontal projections of pyramidal cells in layer 2/3 were labeled in 24 experiments (see Table 1 ). In each experiment, numerous slices from multiple ferret pups at the same postnatal age were prepared and injected. As ferrets do not open their eyes until around P31, we were able to make injections in cortical slices during the emergence of layer 2/3 and prior to patterned visual experience. Overall, our results indicate that the general scheme of horizontal projection formation resembles that previously reported in the cat. Three stages of development were apparent in both species. The first stage was characterized by a continuous, radial (The appearance of a crude cluster at P23 was due to incomplete axon reconstruction from multiple cells.) The neuron at P24 was filled via whole-cell patch clamp. By P28, crude clusters of axon collaterals were apparent pattern of axonal labeling over a limited tangential domain. Axons in the second stage gradually developed secondary branches to give the impression of "crude" clusters. In the third stage, axons were selectively elaborated to form the distinct clusters seen in the adult.
Biocytin was first injected into slices of ferret cortex at P22 (n = 3 slices). This is the earliest age in which layer 2/3 is distinct in Nissl-stained sections and is just after layer 2/3 cells complete their migration (Jackson et al., 1989) . The first stage in horizontal projection development encompassed the period between P22 and P26 (n = 14 slices). Pyramidal cells at this stage had numerous horizontal collaterals, as seen in the reconstruction of axon arbors from P22, P23, P24, and P26 (Fig-2) . At these ages, labeling was unclustered and axons radiated uniformly for up to 1.5 mm from the injection site. Between one and five labeled cells were found at each injection site. Due to the variation in the number of cells labeled, the anatomical changes in horizontal projections were difficult to quantify, but these cells resembled those described in the cat (Callaway and Katz, 1990) . Between P26 and P28 (n = 18 slices), labeled collaterals showed a proliferation of secondary and tertiary branches, representing a transition between the first and second developmental stages.
The second stage occurred during the fifth postnatal week (P28-P35, n = 21 slices). Axons appeared to form "crude" clusters, that is, patchy regions containing finer collateral branches, with long, unbranched collaterals in between. Additionally, the pattern of labeling was no longer uniform, as crude aggregates of axonal arbors were clearly visible 1-2 mm from the soma. One neuron labeled at P28 (Fig. 1) shows presumptive clusters approximately 1 mm from the injection site on either side Qeft and right), yet unbranched or singly P34 1 mm 
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Rgure 4. Spatial distribution of clusters around the injection site (denoted by +) assessed by density of branch points. In young ferrets, branching was sparse, and as the animals matured, collateral branches elaborated into discrete clusters 1-2 mm from the injection site.
branched collaterals continue to radiate from the injection site. As the animals matured, the proportion of unbranched collaterals between clusters decreased. Between P28 and P34, the periodicity of axons emanating from the cell bodies ceases to be uniform, as spaces without axons become interspersed with branched regions (Fig. 3) . The tracing at P34 shows axon collaterals emerging from the cell bodies branching distally, with one projection terminating in a very distinct cluster (arrow) that appears more refined that other clusters observed at this age. This particular cluster resembles that seen in the adult (>P45) and may represent a projection terminating outside area 17. By the seventh postnatal week (P42-P49, n = 8 slices), the third and final stage of horizontal projection formation was revealed. Distinct clusters separated by regions devoid of axons were apparent, as in the tracing at P45 (Fig. 3) . This pattern of distally clustering axons was indistinguishable from that seen in the adult. The presence of large spaces between clusters is likely due to the selective elimination of incorrect projections in conjunction with the addition of collaterals within the appropriate regions. By P45, unbranched collaterals were rarely observed. The profile of clustered axons did not appreciably change for injections in animals older than P45 (n = 25 slices). The injection of biocytin into coronal slices at P38 (« = 7 slices), P55 (« = 5 slices), and P56 (n = 3 slices) produced similar patterns of axonal projection at the same ages as in tangential preparations (data not shown).
In general, the emerging system of clustered connections was preceded by crude clustering with nearly identical periodicity between clusters and lateral extent as seen in the adult animal. The manner in which horizontal projections developed was similar to that previously reported in the cat, although the time of cluster emergence was advanced in the ferret relative to the time of eye opening. The progression of horizontal projections from (1) uniformly distributed, unbranched collaterals to (2) crude clusters, and finally (3) clustered axon collaterals agrees with previous studies in the cat by Callaway and Katz (1990) . This progression is summarized in Figure 4 , where representative tracings from four developmental stages were digitized and analyzed to depict the emergence of locally dense regions of axonal branching.
Discussion
A comparison of the emergence of orientation selectivity across ferret visual cortex and the progression of horizontal projections from an initially unclustered network to distinct clusters of connections reveals that both events seem to occur in concert (Fig. 5) . Chapman and Stryker (1993) found that less than 25% of cells in primary visual cortex are orientation selective through the middle of the fifth postnatal week (P22-P32) of ferret development. We have observed that the limited degree of functional maturity at this stage is correlated with a lack of anatomical specificity. At P32, when the proportion of orientation-selective cells is still low, horizontal projections are only crudely clustered, with numerous long, unbranched collaterals interspersed between patchy regions. Over the course of the 2 weeks following eye opening (P32-P45), the proportion of neurons responding to a specific orientation increases from -25% to ~75%. During this same period, the majority of the remaining unbranched collaterals retract and finer axon collaterals form clusters at intervals between 500 u,m and 1000 Jim from the cell body. Thus, the significant result from this study is that the shaping and refinement of individual clusters parallel a tremendous increase in the proportion of orientation-selective neurons. The time course of the anatomical development presented here also correlates well with the changes in synaptic connections in ferret visual cortex revealed by laser photostimu- lation (Dalva and Katz, 1994) and optical recording (Nelson and Katz, 1995) . Using the age of eye opening as a developmental reference point, the intrinsic circuitry in the ferret visual cortex emerges before that reported in the cat (Tig. 5). Specifically, the outgrowth of secondary branches occurs several days prior to eye opening in the ferret, yet does not occur until the fourth postnatal week in the cat, about 2-3 weeks after eye opening. Moreover, adult-like clusters of horizontal projections in the ferret were observed approximately 2 weeks after eye opening, whereas clusters did not mature until approximately 3-4 weeks after eye opening in the cat. It should be noted that technical issues related to labeling in the cat may have contributed to some of these differences.
The clustered system of horizontal projections in striate cortex has been studied to determine whether intrinsic connections are refined by visual activity, or determined innately. Two procedures, binocular deprivation and artificially induced strabismus, have been used to assess the influence of visual activity on the developing cortex. Binocular deprivation of kittens reduces the specificity of clusters by decreasing the amount of visually evoked activity (Callaway and Katz, 1991) . Studies of induced strabismus demonstrated that not just visual activity, but patterned visual experience, is necessary for normal intrinsic circuit formation and proper refinement of horizontal projections during development (Lowel and Singer, 1992) . These experiments suggest that eliminating the normal onset of visual experience or neuronal activity does not prevent axonal elaboration and pruning, but the degree of specificity of lateral connectivity is reduced. The idea that refinement of clusters occurs in concert with the development of orientation selectivity is further supported by binocular deprivation and intracortical infusion of TTX in the ferret. These procedures not only reduce the specificity of horizontal connectivity, but also dramatically decrease the maturation of orientation-selective responses of neurons in layer 2/3 (Chapman and Stryker, 1993; Ruthazer and Stryker, 1994) . Thus, patterned, or orientation-specific, visual signals seem to be required to attain adult-like axonal clustering and orientation selectivity within the superficial layers of striate cortex.
Even before the onset of vision and orientation selectivity, layer 2/3 pyramidal cell axons reach a crudely clustered state. Patterned spontaneous activity in the retina very early in development may contribute to this initial elaboration. Waves of synchronized excitation have been recorded in ganglion cells of the developing ferret retina prior to maturation of the photoreceptors until about the time of eye opening (Meister et al., 1991; Wong et al., 1993) . As ferrets do not open their eyes until approximately P31, retinal waves prior to eye opening may drive the process of intrinsic connection formation to a more advanced state than in the cat, where eye opening occurs after only ~P10. This may account for our finding that ferret circuitry matures earlier than the cat's relative to the time of eye opening. Once an animal opens its eyes, this intrinsic mechanism is likely soon replaced by patterned neural activity resulting from extrinsic visual signals.
Our results differ from a previous study on the rearrangement of intrinsic horizontal projections in the cat by Liibke and Albus (1992) . They reported a rapid reorganization of unclustered connections to form clustered domains between P7 and PI 1 using extracellular placement of Dil crystals in the kitten. Essentially, Liibke and Albus suggest that clusters develop within less than a week, without passing through a crudely organized stage. They attributed previous reports of crude clustering to blurry labeling caused by large injections of fluorescent latex microspheres.We believe that labeling the axons from individual pyramidal cells with biocytin provides a better means of distinguishing the stages of cluster development. The reconstruction of axon collaterals from single and small groups of neurons in our study indicates that intrinsic horizontal projections progress from an unbranched state, through crude clustering, to distinct clusters of axon arbors characteristic of adult animals. Similar patterns of cluster development and timing have been observed in the ferret following injections of cholera toxin-B (CTB) or CTB-gold conjugate, a retrograde tracer with even finer resolution than fluorescent latex microspheres (Ruthazer and Stryker, 1994) .
We have determined that the development of clustered intralaminar projections is well correlated with the maturation of orientation selectivity in the supragranular layers of ferret visual cortex. In very young ferrets, some orientationselective responses in layer 2/3 are present immediately after cells in these layers have completed their migration (~P23; Chapman and Stryker, 1993) . We have found long horizontal axons at this stage, but they are not yet forming functional synapses (Dalva and Katz, 1994) . Thus, the pattern of vertical connections from layer 4 neurons onto pyramidal cells in layer 2/3 likely confers an initial, limited degree of orientation selectivity, which could serve as a substrate for developing intralaminar connections. The subsequent increase in orientation-selective responses and simultaneous clustering of horizontal axons could reflect an instructive influence of orientation-selective neurons on the development of horizontal projections. 
Notes

